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Undoubtedly,  energy  has  a  significant  role  in  economic  growth  and  technical  developments.  Renewable 
energy  resources  are  becoming  more  important  in  recent  years  due  to  their  tremendous  contributions  to 
the  independence  of  power  generation  industry  from  traditional  fossil  energy  resources.  Wind  energy 
has  been  outstanding  among  renewable  energy  resources  since  continuous  harvestable  potential  on  the 
earth  is  approximately  around  10* 1 2 3 * * 6  MW.  Concerning  the  variable  nature  of  wind  energy,  the  variable 
speed  machines,  especially  doubly  fed  induction  generators  (DFIG)  are  one  of  the  considerations  for  wind 
energy  conversion  systems  (WECS).  Their  implementation  in  renewable  energy  conversion  systems  is 
dramatically  increasing  due  to  their  numerous  advantages  such  as  low  cost  and  small  size,  the 
elimination  of  external  DC  source,  the  ability  to  produce  maximum  power  under  various  wind  and 
rotational  speeds,  the  capability  of  controlling  active  and  reactive  power,  and  the  opportunity  to  employ 
cheaper  and  smaller  convertors  and  controllers.  This  paper  is  an  extensive  review  of  researches  in  the 
past  30  years  on  DFIG.  The  study  starts  with  describing  general  perspective  on  wind  energy  and 
commonly  used  generators  in  wind  conversion.  Then  it  presents  more  details  on  DFIGs  operational 
modes,  utilizations,  their  modeling  and  simulation.  It  is  followed  by  DFIG  control  methods  and  overviews 
of  different  employed  electrical  and  mechanical  controlling  methods.  Finally  the  review  on  the  mutual 
impact  of  DFIG  on  power  networks  and  vice  versa,  including  wind  uncertainty,  power  and  frequency 
stability,  power  and  voltage  quality,  operation  under  steady  state,  dynamic  and  fault  conditions,  and 
protections  is  given.  Based  on  the  review  DFIG  has  advantages  in  terms  of  electrical,  mechanical,  and 
economic  perspectives.  It  can  be  concluded  that  the  DFIG  has  the  most  promising  future  for  WECSs  in 
power  generation  to  complement  the  conventional  systems. 
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1.  Introduction 

Up  to  the  present,  the  majority  of  electricity  have  been 
generated  from  conventional  fossil  sources,  which  are  mostly 
non-renewable  sources  such  as  gas,  oil  and  coal.  This  kind  of 
energy  conversion  emits  a  large  amount  of  carbon  dioxide  to  the 
atmosphere,  which  results  in  global  warming.  For  this  reason  and 
also  due  to  rapid  development  of  modern  electricity  production 
technologies,  old  fuel  burner  power  generation  units  are  being 
replaced  with  new  available  technologies.  Among  these  recent 
electricity  generation  technologies,  the  renewable  energy  conver¬ 
tors  are  magnificently  shining  with  respect  to  their  smaller  size, 
lower  cost  per  unit  and  being  more  environmental  friendly  [1-5], 
On  the  other  hand,  concerns  about  fuel  source's  limitations  and 
the  unstable  price  of  thermal  plants  generated  electricity  per  kW 
associated  with  fluctuating  price  of  fuel  cause  a  global  trend  to 
replace  limited  energy  sources  with  abundant  alternatives.  Wind 
energy  as  a  plentiful  renewable-energy  source  is  dominating  this 
area  in  comparison  with  its  opponents  such  as  photovoltaic  or 
micro  hydro  turbines  [6-9], 

Considering  the  latest  technologies,  wind  energy  generators 
have  remarkably  improved.  These  advances  caused  a  noticeable 
rise  in  wind  turbines  presence  among  generation  technologies  in 
recent  years.  According  to  the  Wind  Global  Energy  Council  (WGEC) 
2010  annual  report,  wind  energy  is  being  developed  and  used  in 
more  than  70  countries  [10],  Global  wind  energy  utilization  annual 
growth  rate  was  24.6%  in  2009.  However,  this  value  dropped  by 
0.5%  in  2010  because  of  financial  crisis,  the  plunge  could  be  more 
tragic  if  China  had  not  been  introduced  as  a  new  forerunner  to  the 
field  of  wind  energy.  While  US  installed  50%  less  in  2010  compared 
with  2009  and  the  Europe  market  was  down  by  7.5%,  China  owned 
almost  half  of  the  worldwide  installation,  with  the  amount  of 


18.9  GW.  This  huge  installation  preserved  the  global  increase  rate 
at  24.1%  and  yielded  195  GW  of  new  wind  convertor  integration  in 
total,  which  was  almost  twice  of  94.19  GW  that  was  installed  in  the 
late  2007  [11,12], 

There  were  several  types  of  generators,  which  have  been  used 
as  wind  energy  convertors.  The  most  common  type  of  generator  in 
the  old  days  was  synchronous  generators  while  these  days  by 
manufacturing  technology  improvements,  induction  generators  of 
different  kinds  become  more  accepted  in  wind  energy  conversion 
field  [13,14],  Induction  generators,  especially  doubly  fed  induction 
generators  are  becoming  more  and  more  popular  in  renewable 
source  employment  [15-17],  Simple  induction  generators  have 
some  weaknesses  such  as  reactive  power  consumption  and  unre¬ 
gulated  voltage  profile  during  variable  rotor  speed.  These  pro¬ 
blems  could  be  solved  by  implementation  of  DFIG  and  power 
electronic  convertor  or  regulators  [18-20].  This  paper  is  an  over¬ 
view  and  conclusion  on  the  last  30  years  research,  which  have 
been  done  related  to  DFIG  controllers,  their  impact  on  power 
networks  and  vice  versa. 


2.  Wind  energy  overview 

Renewable  resources  are  abundant,  and  they  are  easily  acces¬ 
sible  all  over  the  world.  During  the  last  century,  hydro  units  have 
been  matured  in  electricity  generation,  and  today  approximately 
one-fifths  of  worldwide  electricity  demand  is  being  supplied  by 
hydro  powers.  Meanwhile,  in  the  most  developed  countries  the 
economically  reasonable  opportunities  of  constructing  new  and 
large  hydro  electricity  projects  have  already  been  exploited  [3], 
Consequently,  other  renewable  resources  should  fill  the  vacant 
space  of  hydro  electricity  to  fulfill  the  expected  economy.  The 
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increase  in  renewable  energy  sources  usage  could  make  energy 
market  independent  of  fuel  price  fluctuations.  Otherwise,  regard¬ 
ing  the  continuous  increase  in  electricity  request  worldwide,  the 
cost  of  energy  resources  will  rise,  the  economic  burden  of  oil  use 
will  grow,  and  finally  the  probability  of  fossil  fuel  supply  disrup¬ 
tion  will  increase.  Switching  to  renewable  resources  besides 
economic  profits  could  bring  other  benefits  such  as  clean  environ¬ 
ment  and  less  global  warming  by  reducing  green  house  gas 
emission  [3,4,21,22], 

Modern  wind  turbines  availability  is  normally  more  than  98% 
and  in  a  proper  windy  area  they  can  perform  with  capacity  factors 
of  35-40%.  Additionally,  over  the  last  20  years  the  cost  of  wind 
based  electricity  has  descended  about  90%.  Consequently,  a  new 
large  wind  farm  which  is  constructed  at  a  windy  site  can  produce 
electricity  at  a  cost  of  4-6  t/kWh  (in  U.S.  dollars).  This  brings  the 
cost  of  wind  generated  electricity  in  the  range  of  generated 
electricity  from  new  conventional  power  plants.  These  improve¬ 
ments  open  new  horizons  to  the  more  secure  and  reliable  future  of 
wind  energy  while  offering  better  quality  for  life  in  a  less  pollution 
environment  [23], 

Wind  energy  is  the  fastest  growing  energy  source  in  the  world. 
This  renewable  and  neat  source  has  always  been  available  and  had 
a  background  for  more  than  3000  years  old,  while  it  has  been 
employed  for  electricity  generation  about  120  years  ago  [24,25]. 
In  spite  of  forward  trend  of  development  in  wind  employment 
technology,  oil  price  fluctuation  always  had  a  significant  impact  on 
wind  generators'  development.  Wind  technology  presence  in 
electricity  generation  field  has  been  highlighted  for  the  first  time 
during  the  1970s  oil  crisis  [26,27],  The  global  trend  toward  clean 
energy  is  a  motivation  for  more  integration  of  wind  based 
electricity  in  power  systems  [27],  Large  and  small  wind  turbines 
produce  electricity  for  networks  and  utilities  while  they  support 
stand-alone  remote  areas  as  well  [28], 

2.1.  Historical  background 

The  usage  of  wind  energy  has  a  long  history,  about  3000  years 
ago  Persians  and  Egyptians  started  using  this  energy  for  pumping 
water  even  before  coal  and  refined  oil  were  discovered.  Further¬ 
more,  they  add  wind  mills  besides  water  wheels  to  grind  wheat 
and  rice,  centuries  prior  to  the  Europeans  [29],  Probably,  the  first 
wind  generator  was  built  in  Scotland  by  Professor  James  Blyth  in 
1887  [30].  On  the  following  year  in  1888,  the  preliminary  opera¬ 
tional  wind  machine  was  developed  by  Bruch  and  his  colleagues 
and  installed  on  the  Atlantic  coast.  The  diameter  of  that  turbine 
was  17  m  and  it  was  equipped  with  144  cedar  blades.  It  generated 
only  12  kW  which  was  used  to  charge  batteries  as  DC  supply  for 
lamps  and  motors  [31],  Subsequently,  real  development  of  wind 
energy  as  an  electricity  source  began,  and  it  moved  forward  step 
by  step  [32],  Vantikanten  blades  were  applied  by  Kurt  Bilau  in 
1920  to  design  a  modern  windmill  [33].  During  1920-1930s,  the 
windmill  popularity  rose  and  reached  its  highest  peak  by  the  end 
of  this  period  with  more  than  600,000  wind  turbine  units  installed 
in  farms  and  rural  areas  in  the  United  States.  Most  of  those  wind 
machines  were  only  able  to  produce  less  than  1  kW  of  electricity 
[34],  Wind  market  started  to  slow  down  by  the  end  of  1950  by  the 
development  in  power  lines  construction  technology,  but  before 
that,  most  of  the  farms  were  using  wind  generated  electricity  by 
means  of  the  latest  available  technology  of  horizontal  axis  wind 
turbine,  which  was  built  in  1941  [35],  By  focusing  on  the  wind 
power  market  it  clearly  could  be  stated  that  this  market  and  the 
history  of  wind  energy  development  are  undeniably  linked  with 
fossil  fuel  price  [36],  Wind  energy  employment  experienced  a 
considerable  rise  during  the  last  decade.  World  wind  energy 
generation  doubles  in  every  3.5  years  since  the  beginning  of  the 
21st  century  [37,38], 


Wind  turbine  can  be  categorized  respecting  to  their  design, 
construction,  installation  type  or  location,  such  as:  (1)  horizontal  or 
vertical  alignment,  (2)  using  lift  or  drag  force  as  motion  power,  (3) 
upwind  or  downwind  design  and  utilization,  (4)  having  one,  two, 
three  or  multi  blade,  (5)  employing  pitch  or  stall  controller  for 
mechanical  system,  (6)  onshore  or  offshore  installation  [39-43], 

2.2.  Economical  analysis 

Wind  energy  is  and  would  be  an  important  source  of  energy 
and  therefore,  the  assessment  of  its  technical,  economical,  and 
reliability  impacts  is  crucial  for  energy  supply  future  [44,45], 
However,  one  of  the  most  highlighted  economical  benefit  of  wind 
energy  is  reducing  the  energy  market  exposure  to  the  fuel  price 
fluctuations[46],  but  the  energy  generation  faces  uncertainties  for 
different  reasons  such  as  economic  crisis,  environmental  varia¬ 
tions,  resource  availability,  various  tax  structures,  market  regula¬ 
tions,  wind  turbines  lifetime,  and  electricity  network  changes. 
Hence,  a  general  assessment  of  electricity  production  cost,  eco¬ 
nomic  analysis  accuracy,  and  wind  energy  economic  perspective  is 
still  hugely  uncertain  and  hard  to  get  confidently  predicted 
[23,26,47,48],  and  in  spite  of  new  regulation  in  wind  energy  field 
the  electricity  generation  companies  are  still  involved  with  basic 
economic  and  reliability  issues  [44], 

Due  to  wind  turbine  fast  developing  market,  its  technology  has 
also  shown  significant  improvements.  While  from  1990  to  2000 
the  worldwide  capacity  of  grid  connected  wind  energy  has 
approximately  doubled  every  three  years,  the  cost  of  wind  turbine 
descended  about  20%  every  time  the  manufactured  wind  turbines 
capacity  was  doubled.  Nevertheless,  in  2000;  the  Danish  Energy 
Agency  also  predicted  that  wind  turbine  costs  will  be  reduced  50% 
by  2020,  the  other  researchers  emphasized  that  the  cost  reduction 
potential  is  limited  and  this  makes  estimations  unreliable  [26], 
Wind  turbine  price,  grid  connection  expenses  and  labor  payments 
are  the  three  major  influential  parameters  which  form  approxi¬ 
mately  80%  of  wind  energy  total  cost  and  O&M  expenditures  cover 
another  10%.  The  onshore  wind  cost  is  mainly  influenced  by 
capacity  factor  and  wind  turbine  cost  while  for  the  offshore  wind 
the  distance  from  shore,  water  depth,  and  grid  constriction  and 
connection  play  the  main  role  in  accounting.  The  cost  of  wind 
energy  has  risen  by  20%  from  2006  to  2009  because  of  the  increase 
in  wind  energy  request  together  with  raise  in  key  raw  material 
price.  In  2009  the  cost  for  onshore  generated  wind  electricity  was 
between  4.5  and  8.7  €<t/kWh  and  the  price  for  offshore  was  from 
6  to  11.1  €<t/kWh  [48],  At  late  2010,  in  most  regions  of  the  world, 
the  price  of  wind  energy  with  some  financial  aids  was  approxi¬ 
mately  same  as  that  of  electricity  from  conventional  generation 
units  such  as  coal,  gas,  or  nuclear.  As  is  demonstrated  in  [46]  such 
incentives  and  aids  should  be  supported  by  governments,  addi¬ 
tionally  the  cost  can  certainly  decrease  by  appropriate  R&D 
policies.  In  2012  the  onshore  wind  electricity  price  was  stabilized 
around  5.6  €c/kWh  and  the  offshore  one  was  approximately 
double  of  that  value  [49], 

There  are  many  studies  which  focused  on  feasibility  assess¬ 
ment,  economical  analysis  and  generation  costs  of  wind  energy 
from  different  aspects  like  design,  installation  location,  control 
systems,  turbine  dynamics,  power  system  integration,  and  envir¬ 
onmental  impacts.  They  also  addressed  the  most  influential  factors 
on  costs  increase  or  decrease  and  the  expected  future  of  technol¬ 
ogy  [26,47,48],  While  the  researchers  in  [46]  have  provided  a 
framework  for  the  economic  analysis  of  wind  energy,  an  extensive 
review  on  technical  and  economical  aspects  of  wind  energy  with 
respect  to  different  input  data  has  been  carried  out  in  [45].  They 
considered  cost  minimizing  and  income  maximizing  per  kWh  as 
the  economic  criteria  for  turbine  allocation.  They  also  proposed  a 
method  for  annual  wind  generation  cost  (€c/kWh).  Different 
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modeling  approaches  and  obtained  results  specially  related  to  the 
basic  economic  issues  corresponding  to  several  generators  pro¬ 
duced  electricity  have  been  addressed  in  [44],  They  reviewed  and 
compared  common  production  cost  models  and  mainly  focused  on 
the  role  of  unit  commitment  and  economic  dispatch  in  production 
cost  modeling. 

2.3.  Wind  potential 

The  capacity  of  installed  wind  turbines  rose  by  31%  in  2009  and 
reached  to  158  GW  at  the  end  of  that  year.  World  wind  energy 
employment  capacity  has  leaped  over  the  last  20  years.  It  can  be 
stated  that  installed  capacity  had  an  annual  increase,  about  30% 
during  the  latest  decade  [50,51],  However,  this  growth  rate  had  a 
little  descent  in  2010  and  2011  during  the  global  economic  crisis, 
but  referring  to  world  energy  association  published  report,  the 
installed  wind  capacity  reached  195  GW  at  the  end  of  2010.  It  is 
estimated  that  the  integrated  wind  power  capacity  reaches  to 
292  GW  and  425  GW  at  the  end  of  2012  and  2015  respectively 
[52,53], 

2.4.  Onshore  and  offshore  wind 

Wind  farms  are  allocation  of  multiple  wind  turbines,  which  are 
used  to  convert  wind  power  to  electricity.  Wind  farm  can  cover 
hundreds  of  square  kilometers  with  hundreds  of  wind  turbines. 
Potentially  onshore  available  wind  energy  is  quite  large,  which  is 
about  2  x  107-5  x  107  GWh  in  comparison  with  the  world  current 
total  annual  electricity  consumption,  which  is  about  1.5  x  107  GWh 
[47],  By  the  end  of  2010,  the  United  States  owned  the  world's 
largest  onshore  wind  farm  with  maximum  installed  wind  turbines 
[54],  Currently,  the  biggest  operating  wind  farm  is  Roscoe's  wind 
farm  in  the  United  States  with  the  capacity  of  781.5  MW  with  627 
installed  wind  turbine  and  almost  400  km2  of  the  undercover  area 
[23,55],  Meanwhile,  the  United  States  is  the  dominating  country 
by  owning  9  out  of  10  world  largest  farms,  in  near  future  this 
situation  will  change  with  the  construction  of  wind  farms,  such  as 
that  of  China  with  a  capacity  of  20  GW,  which  will  be  supposed  to 
operate  by  the  end  of  2020  [56,57], 

While  there  are  many  reasons  for  focusing  on  onshore  wind 
energy,  offshore  wind  energy  proposes  itself  as  an  alternative  for 
situations  such  as  space  scarce  in  installing  the  wind  turbines  [58], 
Seaward  wind  has  a  couple  of  privileges  in  comparison  with  its 
onshore  rival.  In  an  offshore  site,  wind  is  available  almost  all  the 
time,  and  commonly  it  is  much  stronger  than  an  ordinary  onshore 
wind  exhale  [59],  For  these  reasons  larger  wind  farms  with  larger 
wind  turbine  could  be  established  on  an  offshore  site.  Also  there 
are  some  opportunities  for  installing  noisy  wind  turbines  with 
higher  efficiencies,  which  are  not  employable  in  onshore  sites 
[60,61].  They  are  located  so  far  enough  that  their  noise  is  not  an 
important  issue  anymore.  For  instance,  the  noisier  downwind 
turbines  could  be  considered.  These  turbine  types  are  more  stable, 
have  easier  yawing  system,  provide  opposing  thrust  and  centrifu¬ 
gal  force,  and  employ  cheaper  and  softer  blades.  Moreover,  costly 
tubular  towers  could  be  replaced  by  cheaper  truss  towers  [61], 
additionally  studies  in  [62]  have  signified  that  blades  load  could  be 
reduced  by  using  higher  tip  speed  and  decreasing  the  blade  chord. 
On  the  other  hand,  there  are  many  troublesome  issues  in  offshore 
wind  farms  employment  such  as  cost,  maintenance  and  installa¬ 
tion.  Foremost  the  cost  of  construction  for  such  a  site  is  about 
twice  of  onshore  wind  farms.  Maintenance  of  an  offshore  installed 
wind  turbine  is  even  more  expensive;  it  costs  about  5-10  times 
more  to  maintain  an  offshore  turbine  [63,64],  There  are  also  some 
other  challenges  in  offshore  wind  power  usage  such  as,  turbine 
settlement  or  life  cycle  problems  which  all  happen  if  there  is 
improper  turbine  implementation  [65-67]. 


2.5.  Wind  turbine  size 

Wind  turbine  size  becomes  increasingly  larger  these  days  to 
capture  more  power  and  decrease  generation  cost  of  wind  energy. 
However  larger  wind  turbines  are  not  necessarily  better  or  more 
efficient  than  smaller  ones  [68],  A  modern  wind  turbine  generator 
can  be  about  100  times  bigger  than  similar  turbine  in  1980s  with 
eight  times  longer  blade  length  [69],  While  a  normal  wind 
generator  was  able  to  produce  100  kW  in  early  and  mid  1980s, 
their  generation  capacity  extended  to  500  kW  in  the  early  1990s, 
and  the  development  continued  to  reach  750  up  to  1000  kW 
during  mid-1990s.  The  E-115  was  introduced  before  2000,  which 
was  a  2.5  MW  three  blades  wind  generator  with  115  m  diameter. 
An  improved  version  of  this  generator,  code  named  as  SWT-107, 
was  launched  at  the  end  of  2004  with  capacity  of  3.6  MW  and  a 
blade  area  diameter  of  107  m  [31,70],  That  rating  is  almost 
doubled  now,  and  the  largest  installed  generator  is  E-126,  with 
the  size  of  7.5  MW  [71  ].  However,  nowadays  a  typical  wind  turbine 
ranges  between  500  kW  and  2  MW  [72],  but  there  has  been  plan 
to  build  V-164,  a  8.0  MW  wind  turbine,  before  the  end  of  2015  and 
a  10  MW  turbine  afterwards  [73], 

3.  Generators  overview 

By  improvements  in  power  conversion  technology,  different 
arrangements  and  configurations  of  wind  energy  conversion 
systems  (WECS)  have  been  developed  and  consequently,  oppor¬ 
tunities  for  employing  various  types  of  generators  have  been 
created  [74].  Depending  on  the  construction  and  operating  prin¬ 
ciple  of  wind  turbines,  a  classification  of  those  which  are  utilizable 
in  WECS  is  presented.  However,  there  are  also  others,  but  most 
common  wind  generators  could  be  divided  into  two  main  cate¬ 
gories:  induction  generators  (IGs)  and  synchronous  generators 
(SGs).  Both  groups  work  using  wound  rotors  [75], 

Multi  pole  variable  speed  wound  rotor  synchronous  generators 
are  very  commonly  utilized  in  variable  or  low  speed  wind  areas. 
They  are  lower  in  cost  and  simpler  in  pitch  control  and  conse¬ 
quently  enhance  system  efficiency.  They  also  can  absorb  mechan¬ 
ical  stresses  and  compensate  the  torque  and  power  pulsation  and, 
hence,  improve  power  quality  [18],  Squirrel  cage  induction  gen¬ 
erators  are  the  other  widely  employed  wind  generators.  They  are 
specially  used  for  hard  maintenance  situations  or  systems  which 
require  more  power  security  because  of  their  simplicity,  reliability, 
and  ability  in  limiting  output  power.  Since  normally  they  are  not 
torque  controlled,  the  outcome  power  includes  severe  fluctuations 
[76],  Permanent  magnet  synchronous  generators  refer  to  a  group 
of  generators,  which  uses  the  permanent  magnets  as  the  excitation 
field.  Two  main  types  of  permanent  magnet  generators,  which  are 
commonly  used  as  wind  conversion  systems,  are  surface  mounted 
and  inset  magnets  [77,78], 

Most  frequently  used  generators  in  wind  conversion  systems 
could  be  roughly  categorized  as  follows:  (1)  Squirrel  cage  induc¬ 
tion  generators  (SCIG),  (2)  Wound  rotor  induction  generators 
(WRIG),  (3)  Wound  rotor  synchronous  generators  (WRSG),  (4) 
Permanent  magnet  synchronous  generators  (PMSG),  (5)  DC  gen¬ 
erators,  (6)  Variable  reluctance  generators  (VRG)  and  (7)  Direct 
drive  generators  [79],  Remarkable  advantages  and  disadvantages 
of  each  type  of  wind  generators  are  briefly  listed  in  respective  sub¬ 
sections. 

3.3.  Construction 

In  this  section,  different  categories  of  commonly  used  wind 
turbines'  generators  in  wind  energy  conversion  systems  are  briefly 
presented,  according  to  their  electrical  and  mechanical  construction. 
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3.1.1.  Squirrel  cage  generators 

Squirrel  cage  induction  generators  or  SCIGs  are  utilized  in 
different  topologies.  Two  common  usages  of  SCIGs  are  as  follows 
[80,81]:  (l)-direct  connection  to  the  main  supply  grid  is  estab¬ 
lished  via  a  soft-starter  and  a  transformer  (Fig.  1),  (2)  isolated 
installation  from  main  grid  by  a  back  to  back  AC/DC/AC  convertor 
(Fig.  2).  In  direct  connection  condition  the  generator  frequency  is 
dictated  by  grid  frequency.  Consequently,  rotor  rotational  speed  is 
determined  by  generator  frequency  and  the  number  of  pole  pairs. 
This  method  is  usually  used  for  wind  generators  with  rated  power 
less  than  2.3  MW  and  the  common  adoptable  speed  variation  in 
these  systems  is  1-2%,  therefore,  this  wind  conversion  method  is 
also  referred  as  fixed  speed  wind  conversion  [82,83], 

The  SCIGs  are  also  connected  to  network  in  the  variable-speed 
mode,  using  power  electronic  convertors  [81  [.This  technology  is 
normally  employed  for  off-shore  wind  farms  where  HVDC  is  a  proper 
method  of  electricity  transmission.  Electricity  connections  can  be 
established  in  two  different  arrangements,  for  farm  side  circuit.  In  first 
application,  all  generators  need  to  operate  on  the  same  speed  and 
their  outputs  are  paralleled  using  an  AC  bus.  Then  the  bus  voltage  is 
converted  to  DC  and  transmitted  to  on-shore  through  a  HVDC  line.  To 
exploit  each  wind  turbine  on  its  optimal  speed,  generators  outputs 
are  converted  to  DC  by  their  dedicated  invertors,  then  the  resulted 
voltages  are  gathered  and  transferred  to  the  on-shore  site. 

Typically,  SCIGs  network  connection  was  established  using  soft 
starters.  Thyristor  soft  starters  are  commonly  used  in  induction 
wind  generators  for  limiting  inrush  current  and  reducing  mechan¬ 
ical  stress.  These  ac  voltage  controllers  usually  use  silicon  con¬ 
trolled  rectifiers  (SCRs)  for  adjusting  output  voltage  from  zero  up 
to  maximum  supplying  voltage  while  damping  and  limiting  inrush 
current  to  less  than  twice  of  the  generator  rated  current.  Conse¬ 
quently,  they  damp  torque  peaks  and  hence  decrease  the  gear  box 
load.  Commonly,  they  are  used  for  short  durations  corresponding 
to  their  thermal  limits,  and  they  are  short  circuited  after  a  grid 
connection  completed  [80,81,84], 


3.1.2.  Wound  rotor  generators 

Wound  rotor  wind  generators  have  two  main  categories.  They 
could  be  either  of  typical  synchronous  generators  (Fig.  3)  or 


Fig.  1.  Fixed  speed  SC1G,  equipped  with  soft  starter  and  reactive  power 
compensator. 


Fig.  2.  Speed  controlled  SCIG,  equipped  with  back  to  back  AC/DC/AC  convertors. 


induction  generators  (WRIG)  which  fell  in  two  subcategories, 
dynamic  slip-controlled  (Fig.  4)  and  doubly  fed  induction  gen¬ 
erators  (Fig.  5).  Regardless  of  their  types,  these  generators  are 
normally  used  in  variable  wind  speed  power  conversion  condi¬ 
tions  using  power  electronic  devices  together  with  pitch  controller 
as  mechanical  speed  and  power  controller  [85], 

Synchronous  generators  are  commonly  connected  to  the  power 
grid  through  power  electronic  interface,  as  shown  in  Fig.  3,  similar 
to  induction  generators  without  rotor  windings,  which  was  illu¬ 
strated  in  Fig.  2.  Normally,  these  electronic  interfaces  are  large, 
though  they  can  cover  a  wide  range  of  wind  speed  variation.  On 
the  other  hand,  in  the  doubly  fed  induction  generators'  case,  stator 
is  connected  directly  to  the  network  normally  through  a  power 
transformer,  and  a  power  electronic  convertor  is  used  to  feed  rotor 
winding.  This  gives  the  ability  of  employing  smaller  power 
electronic  convertor,  although  it  should  be  noted  that  this  method 
usually  enables  the  generator  to  adopt  to  wind  speed  variation 
normally  in  the  range  of  30%,  however,  it  depends  on  the  size  of 
the  power  electronic  device  [86]. 

Dynamic  slip-controlled  wound  rotor  generators  use  extra 
power  electronic  controlled  resistance,  which  is  added  in  the  rotor 
circuit  to  create  a  different  characteristic  of  torque-speed.  Power 
converter  for  slip  controller  is  designed  for  low  voltage  and  high- 
current  condition.  This  control  method  provides  the  ability  of 


Fig.  3.  Wind  turbine  equipped  with  wound  rotor  synchronous  generator. 


Fig.  4.  Wind  turbine  using  wound  rotor  induction  generator  with  slip  control 
circuit. 


Fig.  5.  Doubly  fed  induction  generator  typical  installation  diagram  as  a  wind 
generator. 
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operation  speed  change  over  the  range  of  2-5%.  These  generators 
are  normally  connected  directly  to  the  ac  system  and  needs 
reactive  power  compensator  and  soft  starting  systems  [7,87]. 

3.1.3.  Permanent  magnet  generators 

These  generators  can  be  categorized  as  the  most  rugged  system 
as  the  wind  turbine  generator.  These  generators  are  common  for 
small  wind  turbines  with  a  power  up  to  100  kW.  However,  they  can 
be  employed  for  large  wind  turbines  as  well.  Normally,  they  are 
cheaper  and  more  reliable  because  of  rotor  winding  and  slip  ring 
elimination.  These  types  of  generators  can  be  analyzed  from 
different  points  of  views,  referring  to  their  design  and  construction. 
Typically,  they  work  as  synchronous  generators,  and  according  to 
their  flux  they  can  be  of  three  types:  (1)  radial  flux  (RFPM),  (2)  axial 
flux  (AFPM),  and  (3)  switching  flux  (FSPM).  These  generators  are 
categorized  according  to  their  magnet  installation  surface  mounted 
or  inset  magnets,  and  they  can  be  installed  either  as  direct  drive 
generators  or  in  combination  with  gearboxes  [88-92], 

3.1.4.  DC  generators 

Shunt  wound  DC  generators  are  historically  highlighted  type  of 
wind  electricity  converters.  However,  these  types  of  generators  are 
rarely  used  nowadays  due  to  their  high  cost  and  maintenance  of 
their  brushes  and  commutator.  This  type  of  generator  was  com¬ 
mon  among  small  wind  turbines,  which  used  to  come  with  the 
battery  bank.  The  produced  power  of  this  type  was  directly  related 
to  the  wind  speed  [93,94], 

3.1.5.  Variable  reluctance  generator 

Like  permanent  magnet  generators,  these  special  constructed 
generators,  in  spite  of  their  common  high  speed  uses,  are  most 
suited  for  the  direct  derive  method  of  wind  energy  conversion. 
They  have  the  ability  to  become  one  of  the  efficient  methods, 
which  are  applicable  in  variable  wind  speed  areas.  They  have  some 
issues  other  than  large  size  and  diameter,  which  could  be 
addressed  as  expensive  electronic  circuits  dealing  with  their 
variable  reluctance  [95-97], 

3.2.  Operation 

Most  wind  conversion  systems  synchronized  mechanically  by 
using  a  gear  box  before  the  generator  and  a  small  portion  of  wind 
conversion  units  directly  connects  wind  turbine  drive  train  to  a 
multi-pole  generator  to  produce  a  synchronous  electric  power. 

3.2.1.  Fixed  speed  generators 

The  most  commonly  used  generators  in  this  concept  are  SC1G 
and  WRIG  with  slip-controlled  (Figs,  land  4).  In  this  type  of  wind 
energy  conversion,  electrical  output  power  can  be  controlled  by 
several  electrical  and  mechanical  methods  such  as  (1 )  Stall  control, 
(2)  Active  stall  control,  (3)  Pitch  control,  (4)  Superconducting 
magnetic  energy  storage  (SMES),  (5)  Static  synchronous  compen¬ 
sator  (STATCOM)  and  (6)  Braking  resistor  (BR);  some  of  these 
methods  are  covered  in  [98,99], 

The  main  advantage  of  SC1G  is  its  simple  and  cheap  construction. 
Furthermore,  no  synchronization  device  is  required  while  it  has  high 
reliability  besides  its  low  cost.  On  the  other  hand,  it  had  some 
operational  drawbacks  such  as  slow  active  power  control  by  pitch 
controller  usage  (few  ms  response  time).  In  addition  because  of  direct 
connection,  wind  gusts  may  produce  torque  pulsations  in  drive  train 
and  gear  box.  Induction  generators  may  draw  high  starting  currents  in 
absence  of  soft-starters.  They  also  need  reactive  power  and  require 
strong  power  network  for  stable  operation.  Inrush  current  can  be  5-7 
times  of  the  rated  current  or  even  more  and  such  disturbances  cause 


limitation  in  the  number  of  installable  induction  generators  in  a  power 
grid  [100-104], 

3.2.2.  Variable  speed  generators 

Wind  turbines  production  technology  gradually  switched  to 
variable-speed  from  fixed-speed  by  their  size  growth.  The  main 
motivation  force  for  this  development  is  the  engineers'  desire  to 
fulfill  network  requirements  and  their  wish  for  mechanical  load  and 
stress  reduction.  Power  electronic  converters  are  normally  used  for 
variable-speed  wind  power  conversion  systems  with  pitch  controller 
as  the  mechanical  controller.  Pitch  controller  is  only  used  to  limit 
output  power  and  because  of  that  the  pitch  is  kept  constant  in  low 
wind  speeds  to  receive  maximum  achievable  output.  Researchers  in 
[76]  have  carried  out  a  comparison  between  fixed  speed  and  variable 
speed  wind  turbines  with  respect  to  their  (l)required  hardwares,  (2) 
operating  region,  and  (3)energy  output.  According  to  the  results  of 
this  study,  in  spite  of  fixed  speed  systems  more  simplicity  and 
reliability,  they  considerably  limit  the  wind  turbine  output.  On  the 
other  hand,  in  variable  speed  systems  even  though  the  SCIG  utiliza¬ 
tion  as  is  shown  in  Fig.  2  shows  improvements  in  power  capture  and 
reduction  in  mechanical  stresses  but  WRIG  (Fig.  5)  brings  more 
benefits  to  the  wind  energy  conversion  system.  In  similar  rating 
WRIGs  can  significantly  enhance  energy  harvest  due  to  their  ability  of 
working  at  super-synchronous  speeds.  Furthermore,  the  size  of 
capacitor  bank,  rotor  side  controller,  and  line  side  indicator  is  reduced. 
Generally,  the  following  advantages  may  be  listed  for  variable-speed 
wind  conversion  systems  [18,105-107]: 

•  Reactive  power  compensator  and  soft  starter  system  could  be 
omitted  because  of  power  electronic  devices  existence. 

•  More  power  is  achieved  from  the  variable-speed  generator  in 
comparison  with  its  constant  speed  counterpart  system. 

•  Simple  pitch  control  is  available  with  a  feasible  cost. 

•  Mechanical  stresses  are  reduced  by  absorbing  and  reducing 
torque  pulsations  in  variable  speed. 

•  Torque  pulsation  reduction  improves  power  quality  by  elim¬ 
inating  power  variation  and  reducing  flickers. 

•  Maximum  power  point  tracking  systems  are  employable, 
which  improve  variable-speed  systems  efficiency. 

•  Acoustic  noise  is  also  reduced  by  working  at  a  lower  speed  in 
lower  wind  gusts. 


3.2.2.I.  Partially  rated  controller.  Usually  this  control  method  is 
applied  on  doubly  fed  induction  generators  (Fig.  5)  and  gives 
generators  the  ability  to  work  in  super  or  sub  synchronous  mode. 
In  super-sync,  both  rotor  and  stator  windings  deliver  power  to 
network  while  in  sub-sync  mode,  rotor  absorbs  power  and  at  the 
same  time  stator  produces  and  delivers  power  to  network  [108-111], 
Speed  variation  range  is  directly  dependent  on  the  ratio  of  the 
power  converter  nominal  power  to  the  generator  rated  power. 
Both  active  and  reactive  power  can  be  controlled  in  this  scheme, 
and  this  contributes  better  performance  of  power  generation, 
while  power  electronic  devices  give  the  opportunity  of  acting 
more  dynamically  [16,86], 

32.2.2.  Full  scale  controller.  Full  scale  power  converters  normally 
consist  of  a  back  to  back  voltage  source  converter  to  achieve  full 
active  and  reactive  power  control.  Additionally  common 
synchronous  generator  needs  a  small  power  converter  to 
produce  the  field  excitation  (Figs.  2,  3  and  6).  This  control 
method  is  applicable  on  most  of  the  common  generators  for 
wind  power  conversion  such  as  Induction  generators, 
Synchronous  generators,  Multi  pole  synchronous  generator,  and 
Permanent  magnet  multi-pole  synchronous  generator  [75,86], 
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Power  control  and  the  reference  values  tracking  with  full-scale 
power  converter  may  provide  the  fastest  control  method  in  systems  in 
comparison  to  the  other  speed  control  schemes.  Moreover,  using  the 
full-scale  power  converter  brings  a  bunch  of  additional  technical 
performances.  Systems  with  full-scale  power  electronic  converters 
wind  generator  are  able  to  produce  reactive  power  even  without  any 
wind  exhale,  although  the  active  power  generation  is  directly  coupled 
with  the  available  wind.  However,  these  conversion  systems  could 
perform  as  a  small  power  plan  but,  because  of  several  electronic 
elements,  these  controllers  are  more  complicated  so  they  are  more 
sensitive  and  expensive  [92,112], 

3.2.3.  Direct  drive  generators 

This  kind  of  generators  has  lots  of  poles  and  has  relatively  big 
diameters  in  comparison  to  those  which  are  commonly  used  with 
back  to  back  convertors  or  in  combination  with  gearboxes.  They 
could  be  PMSG,  WRSG  or  even  WR1G.  This  type  of  generator  could 
provide  some  flexibilities  in  the  generator  that  required  voltage  and 
frequency.  They  also  are  able  to  decrease  maintenance  costs  due  to 
excitation  circuit,  gearbox  or  convertor  elimination.  Construction  and 
installation  cost  may  increase  with  respect  to  large  diameter  and 
consequently,  large  size  of  these  generators  [113-116], 

3.3.  Wind  turbine  starting 

Wind  turbines  with  synchronous  generators  are  normally 
started  by  the  wind  and  commonly  active  speed  controllers  are 
used  for  connecting  energized  generator  to  power  network.  Wind 
turbine  with  induction  generator  has  two  regular  starting  meth¬ 
ods.  In  the  first  method  wind  turbine,  rotor  is  used  for  speeding  up 
generator  to  nominal  speed  and  then  generator  is  connected  to  the 
power  grid.  This  method  is  usually  used  with  pitch  controlled 
wind  turbines.  However,  generator  speed  needs  to  be  monitored 
for  finding  synchronous  speed  and  connection  moment.  From 
experience,  this  method  comes  with  using  soft  stators.  In  the 
second  technique,  network  connection  is  established  first  and 
induction  machine  is  started  as  a  motor,  then  wind  turbine  is 
brought  to  the  operating  speed.  This  method  is  common  with  stall 
controlled  wind  turbine,  which  can  dedicate  the  appropriate  range 
of  wind  speed  for  running  wind  turbine  [26,37,117].  A  schematic 
circuit  diagram  for  both  the  methods  is  illustrated  in  Fig.  7. 

4.  DFIG  overview 

A  portion  of  wound  rotor  induction  generators,  also  known  as 
the  (DFIG),  are  one  of  the  most  commonly  used  generators  in  the 
wind  energy  industries  [118],  Nowadays,  these  types  of  generators 
are  widely  accepted  as  one  of  the  suitable  wind  energy  conversion 
systems.  As  is  depicted  in  Fig.  5,  DFIG  is  naturally  a  wound  rotor 
induction  generator,  and  the  rotor  circuit  is  normally  controlled  by 
power  electric  devices  to  enable  variable  speed  operation.  DFIG 


Fig.  6.  Permanent  magnet  synchronous  generator  based  wind  turbine. 


Fig.  7.  Schematic  diagram  of  wind  turbines  startup  controller. 


stator  winding  typically  directly  connects  to  the  grid  through  a 
power  transformer  while  rotor  winding  connection  is  established 
using  power  convertors,  harmonic  filters  and,  finally,  a  transformer 

[103,117], 

DFIGs'  power  is  generally  ranged  from  a  few  kilowatts  to  several 
megawatts.  In  this  kind  of  generator,  power  can  be  delivered  from 
the  stator  towards  the  grid  while  the  rotor  is  delivering  or  absorbing 
power  to  or  from  power  network  [76],  The  size  for  a  rotor  convertor 
is  about  30%  of  a  full  capacity  convertor  which  is  commonly 
installed  on  the  stator  side  for  a  synchronous  generator  with  the 
same  nominal  output  power.  Consequently,  the  cost  of  the  harmonic 
filter  and  convertors  for  a  DFIG  using  system  are  less  than  that  of  the 
full-scale  power  conversion  system.  Hence,  during  low  speed  wind 
blow  more  electricity  could  be  acquired  from  a  variable  speed  DFIG, 
in  contrast  with  a  fixed  speed  wind  generator  [119]. 

Smaller  convertors  lead  to  fewer  power  losses  and  result  in 
better  efficiency,  while  the  capability  of  reactive  power  production 
or  absorption  provides  the  opportunity  of  compensation  unit 
elimination.  These  characteristics  have  made  the  doubly  fed 
induction  generators  the  dominator  of  wind  energy  conversion 
system  in  the  current  energy  market. 

In  conclusion,  the  benefits  of  using  DFIG  in  WECS  can  be 
summarized  as  follows  [16,18,81,117]: 

•  Ability  of  working  in  a  wider  range  of  wind  speed. 

•  Improved  system  efficiency  regarding  loss  reduction  in  smaller 
convertors  and  harmonic  filters. 

•  Being  cost  efficient  because  of  convertors  and  filters  size. 

•  Capability  of  producing  electric  power  more  than  the 
rated  value. 

•  Elimination  of  the  reactive  power  compensation  unit. 

•  Having  the  potential  of  controlling  power  factor  by  an 
implemented  unit. 


4.1.  Operation  modes 

DFIGs  have  two  dedicated  operating  modes  [120]  as  follows: 

1.  Operation  mode,  in  which  generator  rotor  rotates  at  a  speed 
above  the  synchronous  speed  and  is  called  super-synchronous. 
In  this  mode,  slip  is  negative,  and  both  stator  and  rotor 
windings  deliver  power  to  the  grid. 

2.  Operation  mode,  in  which  generator  operates  under  synchro¬ 
nous  speed  and  is  called  as  the  sub-synchronous  mode.  In  this 
mode,  slip  is  positive,  and  stator  winding  delivers  power  to 
both  the  grid  and  the  rotor  winding.  Total  obtained  power  from 
stator  winding  does  not  exceed  the  producible  power  in  super- 
synchronous  mode  with  respect  to  smaller  rotational  speed  in 
this  mode. 
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4.2.  DFIG  utilization 

There  are  two  dedicated  methods  for  DFIGs  employment  in 
power  systems  such  as  (1)  Stand-alone  installation  and  (2)  Grid- 
connected  usage.  These  two  utilization  methods  are  briefly  sum¬ 
marized  in  the  next  two  subsections. 

4.2.1.  Stand-alone 

According  to  technical  and  economic  reasons,  stand-alone  utiliza¬ 
tion  or  DFIGs  isolated  load  supply  is  not  an  appropriate  method  for 
large  power  networks  and  consequently,  not  much  researches  are  in 
hand  in  this  area.  Flowever,  it  can  be  a  considerably  better  alternative 
for  countries  with  small  spread  islands  [121],  By  this  way,  those 
communities  will  have  the  opportunity  of  using  isolated  renewable 
and  sustainable  generated  electricity. 

While  in  the  case  of  power  grid,  connected  generators'  large 
loads  are  able  to  operate  without  much  effect  on  network 
performance,  stand  alone  DFIG  systems  need  to  be  firmed  and 
work  under  comprehensive  control  to  be  capable  of  supporting 
loads.  This  could  be  related  to  this  fact  that  for  stand-alone 
supplying  system,  there  is  only  one  supporting  generator  while 
the  load  combination  which  consumes  electricity  could  be  quite 
different  at  various  times,  and  that  will  obviously  affect  the  whole 
system  performance. 

There  were  some  research  papers  that  addressed  the  stabilizing 
output  voltage  despite  variable  wind  speed  [108],  while  the  ability 
of  stand-alone  wind  turbines  in  supporting  unsymmetrical  loads 
corresponding  to  the  off-balance  nature  of  network  load  was 
accented  in  [122,123].  However,  some  other  studies  intensified 
the  harmonic  elimination  by  different  approaches  [124,125],  some 
researchers  considered  control  methods  for  enhancing  the  perfor¬ 
mance  of  stand-alone  generators  [126,127],  Stator  side  voltage 
source  convertor  (VSC)  is  used  to  compensate  unbalanced  voltage 
and  current  of  stator  in  [128],  and  authors  in  [129,130]  concen¬ 
trated  on  combining  generators  with  other  backup  systems  to 
make  them  load  change  tolerant. 

4.2.2.  Grid-connected 

There  are  numerous  papers,  which  have  focused  on  doubly  fed 
induction  generators'  operation  as  grid-connected  systems.  In 
[131],  a  comparative  analysis  has  been  presented  on  islanded 
and  grid-connected  operation  of  DFIG  based  wind  generator, 
where  it  has  been  utilized  in  combination  with  other  reservoir 
and  generator  systems.  Most  of  the  researchers  in  this  area  are 
concentrated  on  analyzing  system  transients,  network  dynamics, 
grid  disturbances,  or  fault  conditions  [132-138].  There  are  still  a 
couple  of  them,  which  studied  on  reactive  and  active  power  flow 
control  between  generator  and  power  grid  [139-141],  Various 
control  schemes  for  DFIGs  are  also  discussed  in  different  papers.  A 
comparison  control  method  of  grid-connected  DFIGs  through 
asymmetric  transmission  lines  has  been  accomplished  in  [142],  A 
non-linear  decentralized  control  method  using  differential  geo¬ 
metry  theory  has  been  applied  on  doubly  fed  induction  generators 
[143],  and  the  authors  in  [144,145]  have  tried  to  control  the 
generator  by  means  of  current. 

Since  the  most  important  problem  for  DFIG  in  the  transient 
period  is  the  torque  pulsation,  and  the  resulted  fatigue  and  stress 
factors,  some  of  the  researchers  emphasized  on  voltage  and  its 
dealing  issues  such  as  voltage  unbalance  or  voltage  sag  [132,146- 
148],  Transient  state  analysis  of  a  doubly  fed  induction  generator 
under  three  phase  short  circuit  [149],  together  with  analysis  and 
calculation  of  short  circuit  current  of  the  doubly  fed  induction 
generators  [150]  have  established  the  infrastructure  for  research¬ 
ers  to  study  on  different  protection  methods  for  wind  turbines 
[151,152],  Researchers  in  [153-155]  have  studied  synchronization 
of  DFIGs  and  smooth  network  connection  for  them. 


By  the  increase  in  the  number  of  wind  farms  which  utilized 
DFIG,  dynamic  performance  of  this  generator  type  during  an 
unbalanced  voltage  or  network  condition  and  consequently,  con¬ 
trol  of  such  farms,  is  considered  by  the  researchers.  Unbalanced 
network  is  tried  to  be  compensated  by  concurrent  control  of  grid 
connection  and  rotor  convertors  of  a  doubly  fed  induction  gen¬ 
erator  based  wind  generation  in  [148]  while  in  [156],  rotor  current 
is  employed  to  control  and  handle  DFIG-based  wind  farm  in  an 
unbalanced  network  condition.  Moreover,  operation  and  control  of 
a  series  grid-side  converter  during  a  network  imbalance  has  been 
discussed  in  [157],  Gomis-Bellmunt  et  al.  [158]  have  selected 
current  references  in  positive  and  negative  sequences  to  ride- 
through  unbalanced  voltage  sags,  and  preserve  voltage  and  torque 
stability  during  the  sag.  Moreover,  a  comprehensive  novel  control 
and  protection  method  is  proposed  in  [159], 

4.3.  Modeling  and  simulation  of  DFIG 

DFIG  modeling  and  analysis  return  to  80s  [160,161],  which 
were  intensified  in  steady-state  analysis  and  characteristics  [162] 
or  performances  [163]  of  doubly  fed  induction  generators  and 
tried  to  propose  mathematical  models  for  this  kind  of  generators 
[164],  The  increase  in  these  machines'  penetration  in  electric 
networks  highlighted  the  needs  of  a  suitable  and  reliable  model 
for  these  generators,  which  can  simulate  these  generators'  beha¬ 
vior  in  the  grid  together  with  their  responses  to  different  occur¬ 
rences  in  power  networks  [117], 

While  softwares  such  as  MATLAB,  DIgSILENT,  PSS  or  PSCAD  are 
already  modeling  and  simulating  wind  turbines  such  as  DFIGs, 
there  are  still  some  other  favorite  subjects  for  researchers,  which 
need  to  be  concerned.  Two  main  DFIG  performance  categories, 
which  have  been  considered  by  most  researchers  for  modeling,  are 
steady  state  and  transient  conditions.  Different  methods  for  wind 
turbines,  especially  DFIGs,  network  integration  studies  are  pre¬ 
sented  in  [80,82,165,166],  The  researchers  in  [167]  have  concen¬ 
trated  on  machine  performance  and  characteristics,  while  cascade 
doubly  fed  induction  generators  modeling  and  control  for  isolated 
grids  has  been  discussed  in  [168],  On  the  other  hand,  a  couple  of 
models  have  been  proposed  for  system  stability  and  transient 
analysis  [169,170].  Moreover  ride-through  capability  of  doubly  fed 
induction  generators  has  been  simulated  in  [132,134,171,172], 
while  their  responses  in  unsymmetrical  voltage  conditions  have 
been  focused  in  [133,158,173,174], 

In  addition,  some  research  studies  have  attempted  to  improve  the 
conventional  proposed  models  by  adding  more  complexity  [175-178], 
Furthermore,  researchers  in  [179]  have  tried  to  add  sliding  mode 
control  to  base  DFIG  model  or  the  authors  in  [  180]  and  have  included 
variable  pitch  parameters  in  the  generator  model.  Some  models' 
output  power  controls  via  output  feedback  have  been  investigated 
by  [105,181-183],  In  addition,  some  models  have  been  proposed  and 
adopted  for  standalone  generators  control  such  as  what  has  been 
illustrated  by  [179,184],  while  generators'  behavior  in  wind  farm  has 
been  emphasized  in  [185-188], 

5.  DFIG  control  methods 

Control  of  an  electric  grid  can  be  the  most  important  portion  of 
a  network  operation,  and  this  becomes  more  significant  when  it 
comes  to  DFIG  based  power  generation,  especially  when  speaking 
about  wind  energy  conversion  systems.  Wind  speed  variation 
together  with  unpredictable  consumers'  load  or  connections 
change  could  expose  DFIG  based  wind  power  generators  to  a  fatal 
stress  if  the  system  is  not  under  an  appropriate  control. 

A  huge  number  of  researches  have  been  carried  out  to  create 
the  opportunity  for  building  a  robust  and  controllable  power  grid 
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with  embedded  DFIGs  as  wind  power  convertors  [123-129,151- 
159,187-191],  However,  most  of  these  researches  have  been  done 
under  the  electrical  scope  of  control,  but  they  could  be  divided 
into  two  main  categories  such  as  electrical  devices  and  mechanical 
parts  controllers. 

5.1.  Electrical 

However,  there  are  plenty  of  electrical  control  methods  for 
DFIGs,  but  some  of  them  are  applicable  in  wind  energy  conversion 
systems.  A  couple  of  those  common  control  methods,  which  are 
highlighted  by  researchers,  are  briefly  presented  in  this  section. 

5.1.1.  Vector  control 

Normally,  vector  control  uses  the  dynamic  state  relationships  of 
DFIG  to  determine  angular  speed,  amplitude  and  instantaneous 
position  of  current,  voltage  and  flux  linkage  vectors  [192,193].  In 
contrast  scalar  control  method  proposition  employs  steady-state 
relationships  to  determine  angular  speed  and  amplitude  of  cur¬ 
rent,  voltage  and  flux  vectors  [194-197].  Vector  control  gives  the 
opportunity  of  active  and  reactive  power  control  separately  for 
generators  by  using  d-q  synchronous  frame.  Due  to  this  fact,  the 
stator  flux  vector  is  aligned  with  d-axis  of  this  frame  [198], 
Extensive  researches  have  been  done,  which  show  the  feasibility 
of  vector  control  application  of  DFIG  for  both  grid-connected  and 
stand-alone  operations  [108,139,199-204]. 

Vector  control  has  also  been  used  for  damping  inter-area 
oscillations  in  [205],  by  studying  on  active  and  reactive  powers 
and  their  influences  on  damping  inter-area  oscillation.  In  [206],  a 
DFIG  power  generation  has  been  studied  using  computer  simula¬ 
tion,  while  in  [207],  a  vector  control  method  has  been  proposed  for 
DFIG  generator  which  has  been  integrated  in  a  hybrid  wind-diesel 
system.  In  addition,  a  comprehensive  analysis  has  been  carried  out 
on  integrated  power  generation  in  [207],  Synchronized  model  of 
DFIG  which  makes  it  similar  to  a  synchronous  machine  and  thus  it 
can  be  treated  and  controlled  simpler  through  vector  control  has 
been  presented  in  [208],  An  equidistant  field  oriented  vector  based 
hysteresis  current  regulator  (VBHCR)  has  been  employed  in  [209] 
as  the  rotor  side  convertor  (RSC). 

5.1.2.  Active  and  reactive  power  control 

However,  according  to  consumer  demands,  active  power  plays 
an  important  role  in  power  networks  but,  from  electric  system 
behavior  point  of  view,  reactive  power  has  an  equal  share  as  active 
power.  An  induction  generator  normally  needs  to  absorb  a  large 
amount  of  reactive  power  for  operation  and  this  can  significantly 
affect  the  terminal  voltage  [210,211],  For  a  grid-connected  system, 
this  reactive  power  can  be  supplied  by  network  [212]  however,  a 
method  for  capacitor  banks  control  is  proposed  to  ease  grid 
reconfiguration  in  [213], 

Active  and  reactive  power  controllers  for  DFIGs  have  been 
represented  in  [140,214-216],  There  are  several  researches  that 
concentrated  on  sensorless  speed  identification  of  a  variable  speed 
DFIG  [109,184,216-218],  also  a  portion  of  them  addressed  reactive 
power  control  using  sensorless  vector  control  [108,216].  Model 
reference  adaptive  system  (MRAS)  is  one  of  the  most  common 
sensorless  methods,  which  is  based  on  parameter  estimation 
techniques.  In  [184,218-221],  this  method  has  been  used  as  an 
observing  system  in  parameter  identification  procedure. 

5.1.3.  Direct  torque  control 

Direct  torque  control  (DTC)  proposition  for  induction  machines 
returns  to  the  mid-80  s  [222,223].  It  was  suggested  to  overcome 
the  parameters'  dependency  and  complexity  problem  of  vector 
control  method,  regarding  voltage  source  inverters'  discrete 


operation  [224],  This  method  employed  decoupled  control  of 
machine  flux  and  torque  hence  it  has  the  capability  of  direct 
control  of  linkage  flux  magnitude  and  torque  of  the  generator 
[225],  DTC  selects  inverter  switching  state  from  a  look-up  table 
according  to  hysteresis  controller  output.  In  spite  of  DTC  advan¬ 
tages  such  as  an  accurate  and  fast  torque  response  with  no  rotor 
current  regulation  or  complex  filed  oriented  block,  it  can  degrade 
output  power  quality  because  of  current  distortion  and  variable 
switching  frequency  caused  by  a  hysteresis  controller  [192], 

Some  of  the  DTC  based  well  known  strategies  are  look-up  table 
based  on  voltage  vector  selection  [222],  and  direct  self-control  [223], 
The  main  issue  of  basic  DTC  scheme  deals  with  its  starting  period 
and  operation  in  low  speed.  To  solve  this  problem  a  couple  of 
methods  have  been  proposed  such  as  modified  switching  table  [196], 
dither  signal  [202],  or  predictive  techniques  [226],  The  variable 
switching  frequency  problem  of  convertors  has  also  been  solved  by 
means  of  space  vector  modulation  [204],  discrete  space  vector 
modulation  [227],  fuzzy  logic  [228],  and  a  combination  of  discrete 
space  vector  modulation  and  fuzzy  logic  [229],  While  in  [230],  output 
voltage  vector  was  employed  to  create  inverter  switching  duty  cycles, 
PI  controllers  were  selected  for  this  purpose  in  [231,232],  and  a 
constant  frequency  DTC  algorithm  is  studied  in  [233], 


5.1.4.  Direct  power  control 

DTC  method  deals  with  some  drawbacks  such  as  complicated 
online  calculation  [204],  additional  PI  controller  parameters 
[231,232],  or  incapability  of  following  machine  parameter  varia¬ 
tions  [204,230-232].There  are  some  problems  related  to  hysteresis 
controllers,  which  cause  torque  and  current  distortions  and  limit 
steady-state  accuracy  [192],  With  respect  to  the  principles  of  DTC, 
direct  power  control  (DPC)  was  proposed  for  pulse  width  modula¬ 
tion  (PWM)  rectifiers  [234-236],  In  this  method  torque  and  stator 
active  and  reactive  powers  were  implemented  in  control  systems 
as  feedback  variables.  Direct  power  control  for  DFIG-based  wind 
turbines  has  been  offered  in  [215,237-240].  However,  several 
studies  have  been  done  on  DPC  methods  with  variable  switching 
frequency  [215,237]  but,  variable  switching  frequency  results  in 
complicated  and  expensive  harmonic  filter  and  power  convertor. 
This  fact  led  researchers  to  the  constant  frequency  convertors  for 
easier  and  more  economic  filter  and  convertor  design  [238-240], 

While  aforementioned  schemes  require  complicated  calcula¬ 
tions  or  phase-locked  loop  (PLL)  circuits,  in  [111],  the  power  has 
been  controlled  by  selecting  switching  vector  of  rotor  side  con¬ 
vertor  form  a  lookup  table.  The  selection  has  been  done  corre¬ 
sponding  to  the  estimation  error  of  active  power,  reactive  power, 
and  the  position  of  stator  flux.  This  goal  has  been  achieved  by  the 
application  of  discrete  space  vector  modulation  (DSVM)  for  super- 
synchronous  and  sub-synchronous  frames.  Two  improved  DPF 
methods  application  on  DFIG  and  grid  side  convertor  (GSC)  have 
been  proposed  in  [141]  to  overcome  the  transient  unbalanced  grid 
faults'  effects.  DPC  application  for  DFIG  in  unbalanced  network 
condition  has  also  been  presented  in  [241],  and  power  ripples  have 
been  minimized  in  DPC  application  for  DFIG  by  fuzzy  controller 
and  IDSVM  in  [242], 

Since  only  a  portion  of  the  turbine  power  is  being  used  to 
generate  stator  power,  which  also  is  employed  as  feedback  vari¬ 
able  in  DPC  controllers,  the  change  in  the  speed  of  the  turbine  is 
dependent  on  the  difference  between  turbine  power  and  total 
generated  power.  More  precisely,  this  difference  division  by  the 
turbine  speed  and  the  moment  of  inertia  can  represent  the  turbine 
speed  change.  Hence,  this  scheme  is  unsuitable  for  generator 
speed  control,  and  regarding  the  accuracy  of  speed  control  and 
the  performance  of  maximum  power  point  tracking  (MPPT),  it  can 
be  degraded.  Therefore,  an  adaptive  MPPT  control  strategy  has 
been  suggested  in  [243],  The  authors  in  [244]  have  improved  the 
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system  stability  and  power  control  accuracy  by  using  the  model- 
based  predictive  DPC  together  with  appropriate  compensation 
methods. 

5.1.5.  Variable  structure  or  sliding  mode  control 

Usually  a  wind  turbine  works  around  its  maximum  rating  in 
high  wind  speed  conditions  to  hand  out  maximum  achievable 
power.  In  high  speed  or  variable  wind,  different  oscillations 
influence  tower,  drive  train,  generator  and  even  power  electronic 
devices.  In  such  a  situation,  sliding  control  reduces  the  reference 
value  of  the  maximum  power  tracking  controller  to  reduce  the 
induced  torque  oscillations.  Sliding  mode  control  is  constructed 
over  a  balance  between  smoothness  of  torque  and  maximum 
power  utilization  (the  efficiency  of  conversion).  Researchers  in 
[245],  suggested  a  static  drive  consisting  of  a  diode  rectifier  on 
rotor  circuit  and  line  commuting  inverter  on  the  stator  side. 

There  are  numerous  researches  that  have  been  done  on  the 
variable  structure  control  (VSC),  which  is  applied  to  the  stator  of 
the  electrical  drives  and  wind  energy  conversion  systems 
[203,246-248].  The  most  interesting  characteristic  of  this 
approach  is  its  insensitivity  to  the  system  parameters'  variations 
or  grid  disturbances  and  more  simplicity  of  implementation  [246], 
For  solving  the  problem  of  super-synchronous  mode  operation, 
the  diode  rectifiers  are  replaced  by  thyristor  rectifying  circuit  in 
[77,246],  Furthermore,  an  integral  variable  structure’s  direct  tor¬ 
que  control  (IVS-DTC)  of  a  DFIG  with  a  space  vector  modulation 
(SVM)  approach  is  proposed  in  [249].  This  method  is  employed  to 
eliminate  power  pulsation,  torque  pulsations,  solving  the  para¬ 
metric  dependency  of  vector  control  and  power  quality  problems 
of  DTC  and  DPC  methods. 

A  direct  power  control  method  for  active  and  reactive  power  of 
a  DFIG  together  with  a  non-linear  sliding  mode  control  has  been 
proposed  in  [140],  which  calculates  rotor  control  voltage  to 
eliminate  active  and  reactive  power  errors.  Moreover,  some  other 
researchers  have  focused  on  using  sliding  mode  controller  dyna¬ 
mically  for  power  regulation  of  a  variable  structure  wind  energy 
conversion  systems  (VS-WECS)  by  setting  the  output  signal  value 
to  zero  [250],  In  addition,  the  sliding  mode  control  along  with  the 
capability  of  zeroing  system  output  in  finite  time,  for  a  relative 
degree  zero  system,  has  been  addressed  in  [251],  To  overcome  the 
problem  of  traditional  VSC  algorithm’s  insensitivity  to  system 
parameters  variation,  an  integral  variable  structure  control 
method  in  combination  with  a  sliding  mode  control  has  been 
presented  in  [252]. 

5.1.6.  Passivity  control 

Several  researchers  have  focused  on  passivity-based  control 
(PBC)  for  stabilizing  variable  speed  constant  frequency  (VSCF) 
wind  generators  by  means  of  energy  balancing,  which  has  resulted 
in  an  automatic  power  regulation  for  those  systems.  In  this 
scheme  DFIG  rotor  voltage  has  normally  been  taken  as  the  control 
variable  to  control  the  supplying  loads  in  [253,254],  In  [255],  the 
operating  points  have  been  defined  for  controller  to  maximize  the 
generated  power,  while  a  non-linear  model  of  generator  has  been 
integrated  into  the  controller  to  ensure  the  tracking  of  mechanical 
and  electrical  references.  Additionally  two  other  reference  speed 
and  flux  trajectory  tracking  methods  together  with  a  variable  load 
torque  control  have  been  proposed  in  [256,257], 

In  [258]  wind  farm  control  scheme  is  employed  to  support  the 
network  for  electromechanical  oscillations  damping  and  to  stabi¬ 
lize  the  system  after  a  disturbance.  A  non-linear  frame  inertial  and 
droop  responses  are  incorporated  as  a  negative  load  in  model 
formulation.  By  this  way  passivity  control  laws  are  embedded  in 
nonlinear  frame  formulation,  and  they  contribute  to  the  stability  of 
the  system. 


5.2.  Mechanical 

The  control  and  limitation  of  mechanically  converted  wind 
power  at  high  speed  wind  are  important  aspects  of  wind  power 
generation.  Therefore,  appropriate  controlling  devices  together 
with  suitable  sensors  are  vital  for  wind  turbines  performance 
enhancement  and  stability  under  variable  and  different  environ¬ 
mental  conditions. 

5.2.  J.  Pitch,  stall  and  active  stall  control 

Wind  turbine  output  mechanical  power,  beside  wind  speed  and 
density,  depends  on  blades'  radius,  pitch  angle  and  tip  speed 
[155,259,260],  Turbine  mechanical  power,  and  consequently,  its 
speed  can  be  controlled  by  blades  pitch  angle.  Pitch  control  refers 
to  the  method  in  which  the  blades  are  turned  in  the  way  of  turbine 
speed  reduction  at  higher  wind  speeds.  In  passive-stall  controlled, 
blades  positions  are  fixed  however  at  high  winds  stall  appears 
along  the  blades,  while  in  active  stall  control  the  angles  are 
adjusted  to  generate  stall  along  the  blades  [81,176], 

Commonly  wind  turbines  produce  mechanical  power  accord¬ 
ing  to  their  power  curve,  which  always  has  an  optimal  speed 
point.  The  goal  of  the  pitch,  passive  and  active  stall  controllers  are 
to  follow  this  maximum  power  point  for  different  wind  speeds 
[261,262].  In  passive-stall  controlled  wind  turbine  the  blades 
are  fixed  at  the  specific  angle.  The  torque  reaction  for  generator 
maximizes  the  outcome  energy  by  limiting  the  rotor  speed 
below  the  rated  operation.  Regarding  the  rotor  design,  in  high 
wind  condition  the  stall  is  being  induced  to  limit  the  rotor  power 
capture  [81,176],  In  pitch  control  the  blades  angle  could  be 
adjusted  to  exploit  the  wind  energy  more  efficiently.  Normally 
pitch  angle  is  kept  constant  for  low  wind  speeds  while  in 
high  gusts,  the  controller  tries  to  keep  rotational  speed  around 
the  maximum  generation  point  of  power  curve.  Furthermore, 
it  limits  output  power  at  high  wind  speeds  to  keep  produced 
power  less  than  its  rated  value  and  to  protect  generator  [263- 
265],  Active-stall  control  merges  both  pitch  and  passive-stall 
controls.  It  uses  stall  property  of  blades  to  perform  same  regula¬ 
tion  as  pitch  control  but,  unlike  pitch  regulation,  blades  angle 
variation  in  active-stall  control  is  small  and  rotates  less  fre¬ 
quently,  also  blades  are  pitched  to  cause  stall  instead  of  feathering 
[81,266], 

5.2.2.  Viaw  control 

Commonly,  yaw  control  is  employed  just  for  reducing  the  yaw 
error  (the  diversity  of  wind  turbine  horizontal  axis  from  mean 
wind  direction)  in  the  case  of  wind  direction  changes  for  max¬ 
imizing  exerted  power  [267],  This  control  is  only  used  by  hor¬ 
izontal  axis  wind  generators  (HAWG)  and  has  become  a  redundant 
control  system  in  the  case  of  vertically  installed  wind  generators. 
Normally,  yaw  system  uses  a  delay  by  averaging  a  duration  of  half 
a  minute  for  wind  direction  determination  to  ignore  the  short- 
period  wind  direction  changes,  especially  in  low  speed  wind  areas 
[8],  Undoubtedly,  both  yaw  and  pitch  controller  systems  are 
required  for  a  stable  and  safe  operation  of  wind  turbines  in 
variable  wind  conditions  [35], 

5.2.3.  Flywheel  storage 

However,  flywheel  could  be  included  in  mechanical  controller 
categories,  but  naturally  it  is  not  a  dedicated  control  system.  The 
main  purpose  of  a  flywheel  installation  is  its  functionality  as  a 
storage  device  because  it  can  keep  rotational  motion  of  turbine 
much  longer  or  more  stable  and  smooth  [78], 

Flywheels'  operation  has  two  distinct  cycles:  acceleration  cycle 
which  is  while  grid  requested  load  is  less  than  the  generated 
electricity  and  energy  delivery  period  that  occurs  when  the 
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network  demand  goes  beyond  the  provided  power  by  turbine. 
Commonly,  flywheels  come  with  passive  controllers,  which  has 
been  discussed  under  electrical  controllers'  [8], 

In  [268]  a  simulative  study  using  decoupled  and  vector  control 
has  been  done  on  DFIG  containing  flywheel  energy  storage.  This 
research  illustrates  the  impact  of  the  flywheel  on  load  leveling  and 
reactive  power  compensation. 


6.  DFIG  &  grid  mutual  impacts 

Power  system  operation  is  significantly  affected  by  high  pene¬ 
tration  of  wind  turbines.  However,  in  the  past  it  did  not  seem  to  be 
required  to  take  these  effects  into  frequency  and  voltage  calcula¬ 
tions  but,  in  recent  years  they  took  so  much  attention  and  number 
of  standards  (i.e.  1EC  61400  parts  4, 12  and  21 )  have  been  published 
with  main  concern  on  this  matter  [81],  However,  DFIGs  bring  lots 
of  positive  impacts  for  power  grids;  there  are  also  obstacles,  which 
should  be  overcome,  on  the  way  of  wind  power  installation 
expansion.  Some  of  these  issues  are  overviewed  in  [269], 

6.1.  Wind  exhale  uncertainty 

Low  wind  speed  causes  low  frequency  and  this  affects  the  wind 
energy  generator  output.  Investigating  these  conditions  and  their 
effects  on  electricity  generations  has  been  the  researchers'  favorite 
subject  of  study  as  well.  The  uncertainty  of  wind  generated  power, 
in  case  with  a  large  number  of  installed  wind  turbines  such  as 
Belgian,  and  the  needs  for  reserve  capacity  of  conventional 
electricity  generators  during  low  speed  wind  blows  have  been 
investigated  in  [270],  A  combination  of  wind  estimation  and 
nonlinear  control  of  a  DFIG-based  wind  turbine  has  been  proposed 
for  power  capture  optimization  in  [271],  while  the  adequacy  of 
wind  potential  for  the  supporting  system  frequency  has  been 
considered  in  [272], 

6.2.  Frequency  and  power  stability 

The  main  drawback  reason,  which  resulted  in  fewer  wind 
power  harvest  than  the  expectations,  is  the  stability  of  networks 
with  a  large  number  of  installed  wind  generators.  A  network 
topology  independent  method,  using  two  non-linear  active  and 
reactive  power  control  schemes  for  a  wind  farm  equipped  by 
DFIGs,  has  been  used  to  damp  power  system  electromechanical 
oscillations  in  [273],  A  combination  of  linear  and  non-linear 
methods  has  been  integrated  to  improve  network  stability  in 
[274],  Results  of  [275]  illustrate  that  wind  power  plants,  with 
power  electronic  devices  and  the  capability  of  low-voltage  ride- 
through,  have  had  the  opportunity  of  preserving  grid  stability 
where  the  power  network  connection  has  been  weak.  Contribu¬ 
tion  of  DFIGs  to  grid  oscillation  damping  has  been  studied  in  [276], 
additionally,  authors  in  [277]  have  suggested  a  tuned  damping 
controller,  using  the  bacterial  techniques,  to  improve  the  DFIG- 
based  wind  power  generation  system  stability. 

A  lot  of  research  has  been  done  to  improve  power  stability  or 
frequency  control  [87,102,189,272,278-283].  A  control  scheme  for 
DFIG  based  wind  farms,  which  provides  the  ability  of  voltage 
support,  fault  clearance,  power  system  stability,  and  overall  system 
damping,  together  with  the  capability  of  contributing  to  the  short¬ 
term  frequency,  has  been  presented  in  [278].  Alemieda  et  al.  [279] 
have  proposed  a  control  approach  for  effective  participation  of 
DFIGs  in  system  frequency  regulation.  A  combination  of  an 
electrical  and  mechanical  scheme  has  been  presented  in  [280] 
for  creating  the  same  ability.  Frequency  regulation  through  DFIG- 
based  wind  generation  has  also  been  addressed  in  [87,281-283], 


Normal  power  plants  with  conventional  power  generators  can 
provide  network  requested  reactive  power,  while  in  the  case  of 
wind  energy  generators,  which  are  equipped  with  doubly  fed 
induction  generators,  they  absorb  reactive  power  from  network  for 
their  magnetizing  purposes.  Hence,  suitable  reactive  power  com¬ 
pensator  or  methods  are  required  for  reduction  of  reactive  power 
demand  on  the  network.  Reactive  power  management  for  DFIG 
based  wind  generators  is  also  presented  in  a  huge  number  of 
studies,  commonly  they  studied  on  reactive  power  regulation 
together  with  active  power  [50,140,214,215],  and  some  of  them 
focused  on  the  capability  of  doubly  fed  induction  generators  in 
providing  reactive  power  [284-286].  While  there  are  studies, 
which  proposed  new  methods  for  reactive  power  compensation 
[213],  others  tried  to  control  output  voltage  through  the  reactive 
power  [211]  or  vice  versa  [259], 

6.3.  Voltage  and  power  quality 

Wind  power  fluctuation  has  a  direct  effect  on  output  power 
quality.  Large  fluctuation  may  result  in  large  power  flicker  and 
degradation  or  out  of  standard  voltage  variations.  For  instance,  to 
reduce  the  impacts  of  unpredictable  wind  generation  on  stability 
and  performance  of  a  conventional  synchronous  generator  or 
DFIG-based  wind  generation,  a  probabilistic  model  of  wind  gen¬ 
eration  using  Weibull  distribution  for  modeling  the  wind  speed 
has  been  introduced  in  [110],  and  the  results  have  been  utilized  for 
a  damping  controller  design  and  construction.  Pitch  angle  and 
torque  have  been  controlled  concurrently  for  optimal  power  and 
speed  regulation  while  minimizing  fluctuations  of  torsional  torque 
in  the  drive  train.  Hence,  WECS  generated  power  quality  and  the 
mechanical  parts  of  life  time  have  been  increased  by  employing 
the  presented  method  in  [180],  Another  sliding  mode  control  with 
the  same  purpose  has  been  presented  in  [245], 

A  control  scheme  for  controlling  reactive  and  active  power  flow 
between  a  medium  voltage  power  grid  and  a  doubly  fed  induction 
machine  has  been  applied  on  a  static  convertor,  which  was 
equipped  with  a  fuzzy  controller  in  [287].  Optimal  tracking 
secondary  voltage  control  (OTSVC)  method  has  been  developed 
for  voltage  control  of  a  DFIG  based  wind  farms  in  [288  .  Another 
control  strategy  has  been  discussed  in  [148],  for  optimal  reactive 
power  compensation,  and  efficient  voltage  regulation  in  an  inter¬ 
connected  power  system.  This  scheme  compensates  the  unba¬ 
lanced  voltage  in  AC  network  by  employing  DFIG-based  wind 
farm.  For  this  purpose,  a  complete  dynamic  model  of  DFIG 
including  rotor  and  grid  side  convertors  has  been  used  to  deter¬ 
mine  the  negative  sequence  current  for  compensation. 

Harmonics  are  one  of  the  important  parameters,  which  affect 
the  power  and  voltage  quality.  In  [289],  researchers  have  focused 
on  investigating  the  rotor  current,  voltage  and  torque  harmonics  of 
a  variable  speed  constant  frequency  doubly  output  induction 
generator  (VSCF-DOIG).  Another  control  scheme  for  upgrading 
DFIG  to  a  power  source  with  the  capability  of  reactive  power 
support  and  active  harmonic  filtering  has  been  presented  in  [290], 
This  method  has  used  two  approaches  such  as  (1)-  all  harmonic 
component  compensation,  (2)  only  5th  and  7th  order  harmonics 
filtering,  which  both  showed  significant  impacts  on  power  and 
voltage  quality.  Moreover,  a  control  method  has  been  proposed  for 
DFIG-based  wind  power  generation  systems  which  are  working  in 
a  harmonically  polluted  network  [291]. 

Flicker  production  of  a  wind  turbine  with  DFIG  is  dependent  on 
short  circuit  capacity,  intensity  of  wind  turbulence  and  mean  wind 
speed.  A  comparison  between  fixed  speed  and  variable-speed 
wind  turbine  has  been  accomplished  to  illustrate  the  effects  of 
aforementioned  parameters  on  flicker  emission,  in  addition  an 
effective  method  for  flicker  mitigation  by  means  of  output  reactive 
power  controller  has  been  proposed  in  [292], 
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6.4.  Steady,  dynamic  and  fault  condition  operation 

Steady-state  analysis  of  a  doubly  fed  induction  generator 
during  its  synchronous  operation  has  been  done  in  [160],  in  the 
late  80  s.  The  modeling  and  control  of  DFIG-based  wind  turbines 
have  also  been  discussed  in  [293],  Regarding  every  day  growing 
number  of  DFIG-based  wind  generators  the  analysis  of  these 
generators  under  different  operational  condition  is  unavoidable, 
and  consequently,  there  are  a  lot  of  research  studies,  which  have 
focused  on  DF1G  performance.  In  [294],  a  comparison  has  been 
carried  out  on  power  regulation  of  different  control  systems 
application  for  DFIG  based  wind  turbines.  Additionally,  optimiza¬ 
tion  of  small  wind  turbine,  as  a  battery  charger,  has  been  studied 
in  [295], 

However,  a  response  of  small  signal  stability  in  a  small  typical 
power  system  implies  positive  results  in  general,  but  from  inter¬ 
area  point  of  view,  less  damped  signal  may  result  in  instability.  The 
responses  (e.g.  electromechanical  oscillations)  of  a  wind  farm 
which  is  equipped  by  DFIG  have  been  inspected  in  [296],  while 
small  signal  stability  together  with  optimal  control  for  a  wind 
turbine  with  DFIG  has  been  analyzed  in  [297],  Furthermore,  the 
consequences  of  a  huge  number  of  DFIG-based  wind  turbines 
installation  in  power  networks,  on  power  system  small  signal  and 
transients,  have  been  investigated  in  [298],  An  adaptive  method 
has  been  proposed  to  enhance  the  dynamic  performance  of  DFIG- 
base  wind  turbine  in  [299],  moreover  a  rotor  voltage  control 
strategy  has  also  been  applied  for  performance  improvement  in 
[300], 

It  is  essential  to  determine  the  effect  of  adding  generation 
sources  to  a  power  grid,  on  the  short  circuit  current  rating  of 
existing  equipment.  Plenty  of  studies  have  been  carried  out,  which 
have  been  addressing  the  DFIG  fault  conditions  [134- 
138,151,152,171],  Another  analytical  study  has  been  performed 
on  grid-fault  response  of  DFIG-based  wind  turbine  [301], 
Researchers  in  [302]  applied  a  symmetrical  voltage  sag  to  a  DFIG 
and  they  have  realized  that  sag  effects  were  periodic  with  sag 
duration.  The  study  has  illustrated  that  the  required  rotor  voltage 
for  rotor  current  control  after  fault  clearance  was  strongly  influ¬ 
enced  by  the  fault  clearing  process.  The  study  has  also  concluded 
that  the  usual  abrupt  model  of  sag  overestimates  the  sag  severity, 
while  a  better  and  more  accurate  simulation  of  fault  occurrence  is 
achieved  from  discrete  model  of  sag.  The  Study  in  [303]  has 
focused  on  an  energy  production  unit  management.  The  authors 
have  investigated  a  variable  speed  wind  turbine  (WSVT)  as  a  main 
source  and  a  super-capacitor  (SC)  as  energy  storage,  which  were 
connected  to  a  direct  current  DC  bus.  The  connection  of  DC  bus  to 
a  balance  or  unbalance  three-phase  load  was  established  through 
an  inventor  and  an  inductor  and  capacitor  filter.  The  SC  storage 
state  and  DC  bus  voltage  were  controlled  by  a  buck-boost  con¬ 
vertor  and  a  resonant  controller  was  utilized  to  reject  disturbance 
and  control  the  line-to-line  AC  voltage.  It  has  been  summarized 
that  the  power  management  of  DC  bus  and  the  line-to-line  voltage 
can  affect  the  stability  of  three-phase  voltage  source  under  wind 
speed  variation  or  load  disturbance. 

6.5.  Protection 

Huge  number  of  installed  DCs  in  distribution  networks  cause 
error  in  conventional  distance  and  over  current  protections.  A 
scheme  based  on  effective  zone  protection  dealing  with  current 
magnitude  has  been  proposed  in  [304],  The  suggested  method 
attempted  to  be  insensitive  to  the  high  DG  penetration  in  a 
network  comprising  DFIG  farm  and  PV.  To  avoid  the  DFIG  control 
being  disabled  by  crowbar  protection  on  fault  condition,  a  series 
dynamic  resistor  (SDR)  based  converter  protection  scheme  has 
been  presented  in  [151  ].  The  comparison  between  this  method  and 


a  chopper  controlled  braking  resistor  method  has  been  illustrated 
in  [152],  while  the  supplementary  rotor  current  (SRC)  control  has 
been  employed  for  the  chopper  controlled  braking  resistor. 

7.  Conclusion 

This  paper  attempts  to  categorize  and  summarize  researches  in 
wind  energy  extraction  by  the  means  of  DFIG,  especially  controller 
systems,  effects  and  highlighted  usage  points.  However,  DFIGs  have 
lots  of  benefits,  and  their  competitive  advantages  make  them  the 
favorite  choice  for  wind  energy  conversion  systems  which  can  be 
connected  to  large  power  networks,  but  they  are  rarely  used  as  stand¬ 
alone  systems.  Nevertheless,  there  are  noticeable  researches,  which 
were  carried  out  on  small  or  isolated  system  using  DFIGs  but  such 
application  is  rare  due  to  control  and  power  electronic  system 
complexity.  Although,  DFIG  control  methods  and  systems  have  been 
around  for  so  long,  this  area  is  still  popular  among  the  researchers, 
and  advanced  control  schemes  are  still  proposed  as  electrical  or 
mechanical  controllers.  However,  these  methods  cover  both  mechan¬ 
ical  and  electrical  scopes;  most  of  them  may  fall  into  the  electrical 
categories.  Even  though  installation  characteristics  such  as  site  loca¬ 
tion,  tower  height  or  environmental  parameters  have  great  influence 
on  DFIG  electricity  production,  there  are  still  a  lot  of  networks  related 
to  installation  aspects,  which  are  considered  by  the  researchers.  The 
number  of  these  network-related  DFIG  impacts  or  installation  and 
operational  concerns  which  were  studied  in  the  last  30  years  are 
addressed  in  this  overview. 
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